ABSTRACT The objective of this study was to evaluate the efficacy of two adsorbents, a raw bentonite clay (RC) and a concentrated bentonite clay (CC), in ameliorating the toxic effects of aflatoxin B 1 (AFB 1 ). Results of the in vitro study (pH 3.0) indicated the CC adsorbed more AFB 1 than RC (93.39 mg/g vs. 79.30 mg/g) suggesting that CC may be more effective than RC in reducing the toxic effects of AFB 1 . One hundred and eighty day-old straight run broiler chicks were assigned to 6 replicate pens of 5 chicks each and assigned to 6 dietary treatments from hatch to day 21. Dietary treatments included: 1) basal diet (BD) containing no AFB 1 or adsorbents; 2) BD plus 0.50% RC; 3) BD plus 0.50% CC; 4) BD plus 2.0 mg AFB 1 /kg; 5) BD plus 2.0 mg AFB 1 /kg plus 0.50% RC; and 6) BD plus 2.0 mg AFB 1 /kg plus 0.50% CC. Dietary AFB 1 concentrations were confirmed by analysis and diets were screened for other mycotoxins prior to the start of the experiment. The addition of AFB 1 to the feed reduced (P < 0.05) growth performance and increased (P < 0.05) relative liver weight (RLW) and kidney weight (RKW) of chicks fed AFB 1 compared to control chicks on day 21. These changes were ameliorated (P < 0.05) by the addition of RC and CC to the AFB 1 diet. Mild to moderate lesions of aflatoxicosis (2.25) were observed in chicks fed AFB 1 alone on day 21. The addition of both RC and CC to the AFB 1 diet decreased (P < 0.05) but did not prevent liver lesions (0.92 and 1.42, respectively). Results indicate that both RC and CC were effective in reducing the toxic effects of AFB 1 , however the cost of processing of CC would make the RC a more economical product for reducing the effects of AFB 1 in young broiler chicks.
INTRODUCTION
Aflatoxins (AF), a class of mycotoxins produced by fungal species of the genus Aspergillus (A. flavus and A. parasiticus) , are contaminants in feed ingredients routinely used in poultry rations. Major forms of AF include AFB 1 , AFB 2 , AFG 1 , and AFG 2, with aflatoxin B 1 (AFB 1 ), the most commonly occurring aflatoxin, being a potent mutagen and hepatocarcinogen in a wide range of species (Biehl and Buck, 1987) . Aflatoxins cause a variety of effects in poultry, including poor growth performance, liver pathology, immunosuppression, decreased serum proteins, and changes in relative organ weights (Edds and Bortell, 1983 : Kubena et al., 1990 , 1993 Ledoux et al., 1999) . Livers characteristically are pale and enlarged as a result of aflatoxicosis, with microscopic changes including fatty change, hepatic necrosis, and biliary hyperplasia (Hoerr, 1997) . At the cellular level, various genes associated with energy production and fatty acid metabolism, growth and development, antioxidant protection, detoxification, coagulation, and immune protection were downregulated, whereas genes associated with cell proliferation were upregulated in birds fed 1 mg AFB 1 /kg diet (Yarru et al., 2009) .
At the present time, one of the more promising and practical approaches to preventing or reducing the toxic effects of AF is the use of adsorbents. Selected adsorbents added to AF-contaminated feeds can sequester AF during the digestive process, allowing the mycotoxin to pass harmlessly through the animal (Davidson et al., 1987; Phillips et al., 1990a,b) . However, not all adsorbents are equally effective in protecting poultry against the toxic effects of AF and several adsorbents have been shown to impair nutrient utilization (Chung et al., 1990; Kubena et al., 1993; Scheideler, 1993) . In a recent meta-analytic review, Oguz (2012) looked at 135 studies from 33 different countries that evaluated the efficacy of feed additives in reducing the toxic effects of aflatoxin in poultry. Of the 135 studies evaluated, 33 were identified as having evaluated the efficacy of bentonites with supplementation levels ranging from 1651 0.2% to 1%, whereas aflatoxin concentrations ranged from 100 ppb to 7.5 ppm. The efficacy of the bentonites varied depending on the level of bentonite and concentrations of aflatoxin used.
Therefore, it is important that adsorbents be evaluated both with respect to efficacy and to determine whether impaired nutrient utilization from diets can occur.
The adsorbents used in this study included a natural bentonite (RC) mined in Bosnia and a concentrated form (CC) of the RC. The objective of the current study was to compare the efficacy of the CC versus the RC in preventing or reducing the toxic effects of AF in broilers fed dietary treatments from hatch to day 21.
MATERIALS AND METHODS

In Vitro Study
For in vitro experiments, AFB 1 was purchased from Sigma-Aldrich Co (St. Louis, MO). A primary AFB 1 stock solution (1000 mg/kg) was prepared in acetonitrile. Aflatoxin B 1 test solutions for adsorption experiments were prepared by addition of appropriate amounts of acetonitrile stock solution to 0.1 M phosphate buffer adjusted to pH 3. Batch adsorption experiments were performed in duplicate using 10 mL of buffer solutions (pH 3.0) containing varied amounts of each clay (0.08, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, and 2.5 mg/10 mL) with 4 mg/kg AFB 1 in 15 mL screw cap polypropylene tubes. To obtain the exact amounts of clays, a suspension of each adsorbent was prepared by weighing 100 mg into 50 mL Falcon tube and pipetting in the appropriate volume of buffer solution containing AFB 1 . The suspensions were shaken for 30 min at room temperature. The samples were then centrifuged at 1,000 × g for 5 min and 2 mL of the aqueous supernatant removed for HPLC analysis. An aliquot of the original buffered AFB 1 test solution was used as the HPLC standard. The amount of AFB 1 bound by the two adsorbents was calculated from the difference between the initial and final AFB 1 concentrations in the aqueous supernatant after equilibrium.
Experimental Design and Birds
The in vivo experiment was conducted at the Animal Science Research Center, Department of Animal Science, University of Missouri, Columbia, Missouri. One hundred and eighty day-old straight run broiler chicks were purchased from a commercial hatchery, weighed, wing-banded, and assigned to stainless steel chick batteries in a temperature-controlled room. Chicks were maintained on a 24-hour constant-light schedule and allowed ad libitum access to feed and water. The animal care and use protocol was reviewed and approved by the University of Missouri-Columbia Animal Care and Use Committee. A completely randomized design was used with 6 replicate pens of 5 chicks assigned to each of 6 dietary treatments from hatch to day 21. Dietary treatments evaluated included: 1) basal diet (BD) containing no mycotoxins or adsorbents; 2) BD plus 0.50% Raw Clay (RC); 3) BD plus 0.50% Concentrate clay (CC); 4) BD plus 2.0 mg AFB 1 (AFB 1 )/kg; 5) BD plus 2.0 mg AFB 1 /kg plus 0.50% RC; 6) BD plus 2.0 mg AFB 1 /kg plus 0.50% CC.
Aflatoxin
Aflatoxin for the in vivo experiment was produced in the Veterinary Medical Diagnostic Laboratory, utilizing rice fermentation by Aspergillus parasiticus NRRL 2999 by methods described by Shotwell et al. (1966) . The quantitation of total AF (B 1 , B 2 , G 1, and G 2 ) was made by HPLC as described by Ledoux and Rottinghaus (1999) . Aflatoxins were extracted according to the methodology recommended by the manufacturer of immunoaffinity columns (PuriToxSR Trilogy Columns, Trilogy Analytical Laboratory, Washington, MO). The HPLC analyses were performed on an Hitachi HPLC system (Hitachi High Technologies America, Schaumberg, IL) equipped with a model L-7100 pump, model L-7485 fluorescence detector (λex = 365 nm and λem = 430 nm), model L-7200 autosampler with a D-7000 data acquisition interface and ConcertChrom software on a microcomputer. The column was a Phenomenex (Torrance, CA) 100 × 4.6 mm Hyperclone C18 (3 μm) with a mobile phase of water:acetonitrile (70:30) at a flow rate of 1.0 mL/min. On analysis, the AF culture material contained 550 mg AFB 1 /kg, 23.9 mg AFB 2 /kg, 246.9 mg AFG 1 /kg, and 5.8 mg AFG 2 /kg culture material.
Adsorbents
Adsorbent one (RC) was a natural bentonite (montmorillonite) mined in Bosnia. Based on qualitative Xray powder diffraction analysis, its composition was primarily montmorillonite with a small amount of quartz and calcite. Adsorbent two (CC) was a concentrated form of the RC containing mainly montmorillonite mineral with only minor amounts of quartz and calcite. The preparation of concentrated montmorillonite was previously described by Daković et al. (2008) . Both adsorbents were supplied by the Institute for Technology of Nuclear and Other Mineral Raw Materials from Belgrade, Serbia. The total cation exchange capacity of the RC and CC, determined by methylene blue adsorption, was 64.08 and 84.40 milliequivalents (meq)/100 g, respectively. The chemical composition of both clays is presented in Table 1 .
Diet Preparation
The basal diet (BD) was a commercial corn-soybean meal type diet formulated to meet or exceed the nutritional requirements of growing chicks as recommended by the NRC (1994). Aflatoxin culture material (550 mg AFB 1 /kg) was incorporated into the diets to achieve the required dietary AFB 1 concentrations. After preparation of the experimental diets, a 1-kg sample was collected from each treatment and analyzed for confirmation of AFB 1 concentration. Aflatoxin B 1 was quantitated according to methods previously described for quantification of AF in the culture material. Before starting the experiment, the BD was screened for the presence of ochratoxin A and zearalenone (Gobel and Lusky, 2004) , fumonsin B 1 (FUMONIPREP, R-Biopharm Rhone Ltd., Washington, MO), and deoxynivalenol (DONPREP, R-Biopharm Ltd., Washington, MO). The assay detection limits were 50 μg/kg, 500 μg/kg, 500 μg/kg, and 1.0 μg/g, respectively, for ochratoxin A, deoxynivalenol, zearalenone, and fumonisin B 1 .
In Vivo Study
Performance. Chicks were weighed at the beginning and at the end of the experiment. Feed intake was also determined at the end of the experiment, and feed conversion (FC) was calculated. Mortality was recorded as it occurred and dead birds were necropsied to determine cause of death. In addition, chicks were inspected daily and any health related problems were recorded.
Serological and Histopathological Analysis. On day 22, 18 birds per treatment (6 reps of 3 birds each) were anesthetized with carbon dioxide and blood samples (cardiac puncture) collected for determination of serum chemistries. Broiler serum analyses were performed using an auto-analyzer (Eastman Kodak Co., Rochester, NY) and the following chemistries were determined: proteins (globulin [GLOB] Following collection of blood samples, the same 18 birds per treatment (6 reps of 3 birds each) were euthanized with carbon dioxide, and livers and kidneys removed and weighed for determination of relative liver and kidney weights. The color of each liver was scored using the 15 grades of the Roche yolk color fan (Vuilleumier, 1969) . Livers were harvested from 12 birds per treatment for gross and histopathologic evaluation. Liver samples were fixed in formalin, embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin stain for histopathological analysis (Luna, 1968) . Liver sections from all treatment groups were examined microscopically. Individual sample numerical scores were reported using the following scoring system, based on the severity of the main-aflatoxin associated lesions (biliary hyperplasia, periportal swelling, vacuolar degeneration of hepatocytes, and periportal heterophil infiltration): 1 = liver section unremarkable; 2 = lesions in liver section are compatible with mild aflatoxicosis, affecting less than 20% of the hepatic parenchyma; 3 = lesions in liver section are compatible with moderate aflatoxicosis, affecting 20 to 60% of the hepatic parenchyma; and 4 = lesions in liver section are compatible with severe aflatoxicosis, affecting more than 60% of the hepatic parenchyma.
Statistical Analysis
Data were analyzed as a One Way ANOVA using the General Linear Models procedure of SAS software (SAS Institute, Inc., 1992) . Except for histopathology where bird was the experimental unit, pen was the experimental unit. The means of treatments showing significant differences in the ANOVA were compared using Fisher's protected least significant difference test. All statements of significance are based on the 0.05 level of probability.
RESULTS
In Vitro Study
The interactions between the adsorbate and adsorbents were determined by the equilibrium AFB 1 adsorption isotherms that were measured for RC and CC. The amounts of adsorbed quantities of AFB 1 at the equilibrium (mg/g), versus equilibrium AFB 1 concentration (mg/L) are shown in Figures 1 and 2 . The adsorption data were fitted using the Freundlich and Langmuir isotherm models.
The Freundlich isotherm can be expressed by the following equation:
where Q e is the amount of AFB1 adsorbed by solid, C e is the equilibrium concentration of AFB 1 in solution, K F is the constant of the Freundlich isotherm, and 1/n is the Freundlich exponent.
The Langmuir isotherm may be written as follows: where K L is a constant related to the binding energy and Q m is the maximum amount of AFB 1 that can be adsorbed by each clay.
These models are commonly used to describe the adsorption behavior and to determine adsorption capacities. The Langmuir model is based on the assumption of monolayer adsorption on a structurally homogenous adsorbent, where all adsorption sites are identical and energy equivalent, whereas the empirical Freundlich equation predicts adsorption on heterogeneous surfaces, where the interactions between the adsorbed molecules are not limited to the formation of a monolayer (Thiebault et al., 2015) . 
In Vivo Study
Dietary Analyses. The basal diet used to prepare diets was negative for aflatoxin, vomitoxin, zearalenone, ochratoxin A, and T-2 toxin but contained 0.15 mg/kg fumonisin B 1 . Diets 1, 2, 3, 4, 5, and 6 were analyzed and contained 0 mg AFB 1 /kg, 0 mg AFB 1 kg, 0 mg/kg AFB 1 /kg, 2.52 mg AFB 1 /kg, 2.42 mg AFB 1 /kg, and 2.43 mg AFB 1 /kg, respectively. In addition to AFB 1, diets 4, 5, and 6 also contained an average of 87 μg AFB 2 /kg , 899 μg AFG 1 /kg, and 21 μg AFG 2 /kg diet . Diets 1, 2, and 3 contained no AFB 1 , AFB 2, AFG 1 , or AFG 2 .
Growth Performance. Effects of dietary treatments on growth performance are summarized in Table 3 .
Chicks fed RC and CC consumed the same amounts of feed (P > 0.05; 1034 g and 974 g vs. 987 g), grew as well (P > 0.05); 760 and 706 g vs. 739 g), and converted feed to gain as efficiently (P > 0.05; 1.36 and 1.39 vs. 1.34 g;g) as chicks fed the control diet. In contrast, chicks fed AFB 1 alone consumed 18% less feed (P < 0.05; 806 vs. 987 g) and gained 21% less weight (P < 0.05; 579 vs. 739 g) than control chicks. Chicks fed the combinations of AFB 1 /RC and AFB 1 /CC consumed same amounts of feed (P > 0.05; 967 and 941 vs. 987 g) grew as well (P > 0.05; 701 and 693 vs. 739 g) and converted feed to gain as efficiently (P > 0.05: 1.39 and 1.36 vs. 1.34 g:g) as chicks fed the control diet. There were no differences in mortality (P > 0.05) among treatments.
Relative Organ Weights. Chicks fed RC and CC diets had organ weights similar to those of control chicks (Table 4) . Compared with controls, chicks fed AFB 1 alone had heavier (P < 0.05) relative liver and kidney weights, whereas chicks fed the combinations of AFB 1 /RC and AFB 1 /CC had relative liver and kidney weights that were intermediate (P < 0.05) between those of control chicks and chicks fed AFB 1 alone.
Liver Color Scores. Chicks fed RC and CC diets had liver color scores that were similar (P > 0.05) to controls (13.60 and 13.17 vs. 14.33: Table 4 ). Compared with controls, chicks fed AFB 1 alone had a lower (P < 0.05) liver color score. Chicks fed the combination of AFB 1 /RC also had a lower P < 0.05) liver color score, whereas chicks fed the combination of AFB 1 /CC had a similar (P > 0.05) liver color score to control chicks. However, the liver color score of chicks fed the combination of AFB 1 /CC were not different (P > 0.05) from that of chicks fed the combination of AFB 1 /RC. a-c Means within columns with no common superscripts are significantly different (P < 0.05). ALB = albumin; BD = basal diet; GLOB = globulin; GLU = glucose; TP = total protein.
Serum Chemistry. Effects of dietary treatments on serum glucose, albumin, globulin, and total protein are presented in Table 5 . Serum concentrations of glucose, total protein, and globulin were not affected (P > 0.05) by dietary treatments. Chicks fed RC and CC diets had serum albumin concentrations that were similar to control chicks. Compared to control chicks, chicks fed AFB 1 had a lower (P < 0.05) serum albumin concentration, whereas chicks fed the combination AFB 1 /RC and AFB 1 /CC diets had serum albumin concentrations that were similar (P > 0.05) to that of control chicks. Table 6 contains a summary of the effects of dietary treatments on serum Ca, AST, GGT, and UA. Serum concentrations of Ca and UA were not affected Table 6 . Efficacy of bentonite clays to reduce the effects of aflatoxin on serum concentrations of Ca, AST, GGT, and UA of broilers fed dietary treatments from hatch to day 21. Means within columns with no common superscripts are significantly different (P < 0.05). AST = Aspartate amino transferase; BD = basal diet; Ca = Calcium; GGT = gamma glutamyl transferase; UA = uric acid.
(P > 0.05) by dietary treatments. Chicks fed the combination AFB 1 /CC diet had a higher (P < 0.05) AST concentration compared to chicks fed all other dietary treatments which all had similar (P > 0.05) AST concentrations. Chicks fed RC and CC diets had serum GGT concentrations that were similar (P > 0.05) to control chicks. Compared to control chicks, chicks fed AFB 1 had a higher (P < 0.05) serum GGT concentration, whereas chicks fed the combination AFB 1 /RC and AFB 1 /CC diets had serum GGT concentrations that were similar (P > 0.05) to that of control chicks.
Histopathology. No treatment-related gross or microscopic lesions were observed in control chicks or chicks fed RC and CC diets (Table 4 ). Mild to moderate lesions of aflatoxicosis (2.25) were observed in chicks fed AFB 1 alone. Of the 12 liver sections examined, 10 had a few infiltrations of heterophils, lymphocytes, and macrophages. Many of the portal tracts were also infiltrated by heterophils and there was mild fibrosis and bile duct proliferation in the portal tract areas. Many of the hepatocytes, especially in the portal tracts, were swollen and there was hepatocellular vacuolation (fatty change). There were also a few individual necrotic hepatocytes in the portal areas. Small numbers of hepatocytes contained mitotic figures. The addition of both RC and CC to the AF diet decreased (P < 0.05) but did not prevent liver lesions (0.92 and 1.42, respectively).
DISCUSSION
In Vitro Study
It is well known that metallic cations present in the interlamellar space of clays form coordination bonds with the β-dicarbonyl system of the AFB 1 , explaining the high adsorption capacity of phyllosilicate clays (Phillips et al., 1995) . Adsorption of AFB 1 by RC and CC phyllosilicate clays was studied through the determination of adsorption isotherms. From the results presented in Figs. 1 and 2 , it can be seen that adsorption of AFB 1 by both clays followed nonlinear adsorption isotherms, thus, these isotherms were modeled by using two empirical models: Freundlich and Langmuir.
Analysis of the results revealed a good fit of the experimental data for both models as indicated by the r 2 values in (Lezehari et al., 2010) .
In Vivo Study
Analysis of the diets containing AFB 1 indicated that the aflatoxin culture material may have contained a higher concentration of AFB 1 since diets supplemented with aflatoxin culture material contained on average 2.4 mg AFB 1 /kg diet instead of a targeted concentration of 2 mg AFB 1 /kg diet.
Growth performance of birds fed RC or CC alone was not different from that of control birds, indicating that the adsorbents did not negatively affect the nutritional value of the diet, and that the concentration (0.50%) is safe for use in chicks. Lower feed intake (18%) and body weight gain (21%) observed in chicks fed AFB 1 are consistent with previous reports on the performance depressing effects of AFB 1 (Gowda et al., 2008; Yarru et al., 2009; Neeff et al., 2013) . The addition of RC and CC to the AFB 1 diet reversed the growth-depressing effects of AFB 1. Amelioration of the growth-depressing effects of AFB 1 has been observed in chicks fed adsorbents such as hydrated sodium calcium aluminosilicates (Gowda et al., 2008; Neeff et al., 2013 ). These adsorbents have been shown to bind AF in the digestive tract, allowing the mycotoxin to pass harmlessly through the animal (Davidson et al., 1987; Phillips et al., 1990a,b) .
Increases in the relative weights of liver and kidney of broilers fed AFB 1 alone in the present study has been reported previously (Ledoux et al., 1999; Gowda et al., 2008; Neeff et al., 2013) . In the present study, addition of RC and CC to the AFB 1 diet reduced but did not completely prevent the increase in liver and kidney weight. In general, adsorbents have been effective in preventing or ameliorating changes in organ weights observed in chicks fed AF (Kubena et al., 1990 (Kubena et al., , 1993 Ledoux et al., 1999; Gowda et al., 2008) .
Decreases in serum proteins are indicators of impaired protein synthesis (Tung et al., 1975) and have been observed in chicks suffering from aflatoxicosis (Kubena et al. 1993; Ledoux et al., 1999; Gowda et al., 2008; Neeff et al., 2013) . In the present study, the addition of both RC and CC to the AFB 1 diet prevented the decrease in serum albumin concentrations. The RC was also effective in preventing changes in serum concentrations of GGT observed in chicks fed AFB 1 alone.
Gross (discoloration and increased weight) and histopathology lesions observed in liver of chicks fed AFB 1 in this study are similar to those reported in the literature (Ledoux et al., 1999; Gowda et al., 2008; Neeff et al., 2013) . The liver is considered to be the primary target organ for AF, and lesions observed are consistent with the increased GGT levels and numerically increased (22%) AST levels observed in chicks fed AFB 1.
The degree of liver damage can be assessed by specific enzyme tests; AST and GGT activities provide a specific measure of hepatic function or injury, as well as indicate liver or kidney toxicity (Boone et al. 2005 ). In the current study, both RC and CC significantly reduced the severity of liver lesions with RC (0.92) being more effective than CC (1.42).
The addition of RC and CC at 0.50% to the basal diet did not cause negative effects in any of the measured response variables indicating that at this concentration these adsorbents are safe to feed to chicks of this age, and will not negatively impact performance. The addition of AF to the diet resulted in decreased performance, increased organ weights, reduced liver color, reduced albumin, increased GGT and UA, and increased liver lesions. The addition of both RC and CC reduced and in some cases completely prevented the negative effects of AF. There were no large differences between the two adsorbents with respect to reducing or preventing the negative effects of AFB 1. Therefore, it would be more economical to use the RC clay, as the CC requires further processing which will increase the cost of CC relative to that of RC.
